SWAT model outputs served to assess sediment yields from different land uses in an alpineprealpine watershed.
Introduction
The loss of productive soil by water erosion does not only reduce soil quality, but also has important effects on the soil functions such as decreasing their net primary productivity of the agricultural lands and the natural ecosystems (Pimentel, 2006; Stavi and Lal, 2011) . Estimates indicate that one-sixth of the global land area is affected by water erosion (Schröter et al. 2005) , constituting an important economic, social and environmental problems. In temperate climate mountain areas water induced hillslope erosion is one of the more common forms of erosion (Navas et al., 2005) . However, surface runoff, soil detachment and sediment delivery are non-linear processes that depend on many soil, climatic, topographic, vegetation and land use parameters and, furthermore, their effects change when considering different temporal and spatial scales (Cerdà et al., 2013) . To develop environmental and land use management plans, policy makers require quantification of erosion rates at regional and global scales, identification of sediment sources and estimates of the relative contribution from the different land uses. Thus, these measurements allow erosion prevention efforts to be concentrated in places that will benefit most (de Vente et al., 2008; Ramos and Martínez-Casasnovas, 2014 ).
Changes in precipitation, temperature, and vegetation cover alter the water balance and the partitioning of precipitation between evapotranspiration, surface runoff, and groundwater flow (Foley et al., 2005) . Variations in a precipitation regime directly affect the quantity of water that reaches the soil, the runoff generation mechanisms, and the magnitude of river discharge. More scattered and intense rainstorms could potentially cause changes in the vegetation cover (Kundzewicz et al., 2007; Nunes and Nearing, 2011) . The rise in temperature, together with changes in other parameters (solar radiation, wind speed, and humidity), could decrease the quantity of precipitation falling as snow, accelerating the melting process and consequently reducing the snow duration. It could also increase the transpiration processes in plants as well as evaporation from the soil and water bodies (García-Ruiz et al., 2011) . All these changes result in water balance disturbances that may alter both the quantity of water in the soils and its temporal distribution, which are highly related to the land uses existing in the contributing areas thus affecting soil erosion and the supply of sediments. Therefore, global climate change has the potential to modify sediment productions and soil erosion depending on the possible changes in climate and the physiographic (e.g. vegetation cover, soil, geology, hydrology and geomorphology) characteristics of the region. Due to a variety of land covers, climatic heterogeneity and altitudinal gradients, a great diversity of processes relating to soil erosion and sediment yield occur in the Central Spanish Pyrenees. Furthermore, human activity during the last 4000 years has contributed to the disturbance of the original landscape by changing land uses and therefore its hydromorphological dynamics (Navas et al. 1997; Valero-Garcés, 1998, Navas et al. 2008 ). In addition, many rivers on the Spanish side of the Pyrenees have been dammed in the last century to provide water for the Mediterranean lowland areas (e.g. Yesa and Barasona reservoirs). Hydrologic characteristics of the Spanish Pyrenean and changes in land use over the last few decades have changed the supply of sediment loads Morellón et al. 2011) , triggering soil erosion and, consequently, the derived off-site environmental problems such as the siltation of reservoirs (Valero-Garcés et al. 1999; Navas et al. 2009 ).
The Pyrenees are a very sensitive area in terms of impacts of climate change on hydrological dynamics and related processes, as water erosion.. Hence, information on processes related to soil erosion and sediment export in mountainous catchments are essential to support the implementation of management practises to preserve soils, to promote rational uses of the land and to prevent erosion (Molino et al. 2007 ). Catchment models offered an effective way of studying land-surface dynamics in mountain environments and obtaining information on water-induced erosion processes linked to hydrological systems. Moreover, catchment models, like SWAT, make it possible to evaluate the impacts of natural or management induced environmental changes in a way that cannot be done through field experiments and direct observation and as such, constitute as chief tools in developing environmental management plans at a regional scale (e.g. Melesse 2012, 2013) . Therefore, it could serve as a decision-making tool for performing risk analysis in the implementation of measures to prevent the on-site and off-site effects of soil erosion, and to assess the possible impacts resulting from land use or climate changes.
The SWAT model has been extensively applied throughout the world (e.g. Zhang et al. 2008; Luo et al. 2012; Dessu et al. 2014 ) to deal with a wide range of scales and issues (Gassman et al. 2007) . Although SWAT was primarily built for plain agricultural areas, it has been widely implemented to perform hydrological simulations to estimate streamflow timing and volumes and sediment yield from mountainous catchments worldwide (e.g. Rostamian et al. 2008; Flynn and Van Liew 2011; Morán-Tejeda et al. 2015) . However, there are not as many studies assessing the sediment production from different land uses under different climatic scenarios (e.g. Nunes et al. 2008) and none are in the alpine-prealpine catchments in the Pyrenean region.
A previous satisfactory application (calibration and validation) of SWAT for hydrology and sediment supplies to the Barasona reservoir (Palazón and Navas 2014) proved to be useful for identifying area where significant erosion processes take place in large alpine-prealpine catchments and also for assessing the sediment yields which reach the reservoir. Results from that application encouraged the exploration of the model's performance on sediment yields from the different land uses existing in the catchment for different precipitations, seasons and areas. In this research, two different years with contrasted precipitation amounts (2003 and 2005) were selected to obtain information related to different sediment productions from the land use. Moreover, an increase of 2º C was simulated with SWAT to assess how this change of temperature could affect soil erosion and sediment production under different land uses. It was considered that modelling a large mountain catchment such as the Barasona catchment under different climatic scenarios/conditions would be of interest to assess the sediment production and changes in relation to the land uses.
Material and Methods

Study Area
The Barasona reservoir research catchment (1,509 km 2 ) is located in the central part of the Spanish Pyrenees, in the basin of the upper Cinca River, the second largest tributary of the Ebro River (Fig. 1a) . The Barasona reservoir was built in 1932 for irrigation purposes and power generation. It also supplies water to the Aragón and Cataluña canal, which provides irrigation to more than 100,000 ha. Over the past 65 years there has been a considerable loss of storage capacity in the reservoir and siltation management problems (e.g. Navas et al., 1998 Navas et al., , 2004 Valero-Garcés et al., 1999) . Although the development of badlands on erodible materials is considered to be characteristic of arid regions, they also occur in mountainous areas with wetter climates and high intensity storm events, such as in the Southern Alps (e.g., Mathys et al., 2005) and the Pyrenees (e.g., Clotet et al., 1988; Gallart et al., 2002; Nadal-Romero et al., 2006) . Despite the fact that the badlands on the Eocene marls represent less than 1% of the total catchment area, they constitute the most important sediment source in the catchment (e.g. Alatorre et al., 2010; López-Tarazón et al. 2012 , see location in Fig. 1b) .
Based on the land use map digitalized by the Corine Land Cover European project (CLC2000) and modified to include the badland extension, the area comprises of forests (47%), scrublands (20%), grasslands (12%), agricultural uses (12%), bare rocks (7%), badlands (0.4%), water bodies (<1%), and infrastructure and built-up areas (<1%) ( Table 1 ).
In addition to the climatic and physiographic gradients, differences in the presence and distribution of the land uses, land covers and soil types have permitted the division of the catchment into two parts of a similar extension: the alpine northern part (686 km 2 ) and the Mediterranean southern part (793 km 2 ) (Fig. 1b) . Atlantic and continental Mediterranean climatic influences prevail in the northern and southern parts, respectively. More than half of the surface of the northern part has more than 40% slope whereas only 24% of the southern part presents this slope range. Although both parts present similar percentage distribution for some land uses and land covers, bare rock and grassland dominate the northern part while cultivated land extends more over the more gentle southern area. Differences in soil types between parts of the catchment are also evident as more developed soils are present in the more gentle southern part and young and mineral soils prevail in the abrupt northern part. Therefore, erosion and sediment delivery are estimated as a function of peak runoff rate and volume and physical factors such as soil erodibility, slope steepness and length, cover factor ( , and supporting practise factor, which corresponds to flow volume within the channel on a given day. The cover and management factor ( is recalculated everyday that runoff occurs and it is a function of above-ground biomass, residue on the soil surface, and the minimum C factor for the plant (Neitsch et al. 2011 ). Plant production is very dependent on temperature; therefore, temperature affects the erosion process by changing the percentage leaf area index covered by vegetation.
The Barasona catchment model setup and erosion assessment
The study area was discretised into HRUs using: (i) a derived 5 ranges slope map based on a Climate inputs of daily minimum and maximum temperatures and rainfall data in this SWAT project were based on measured historic data within or close to the region. Thus, rainfall records from four stations were selected from a revised database (1955 -2006 VicenteSerrano et al. 2009 ), and daily temperature records from five stations were obtained from the State Meteorological Agency (AEMET, Fig. 1a ). To account for temperature and precipitation gradients according to the relief, ten homogeneous elevation bands and their lapse rates in height were defined in each subcatchment. The temperature lapse rate in height (TLAPS:
temperature lapse rate in SWAT) was set to -5°C km -1 , which is in close agreement with the estimated values for the Pyrenean region. The precipitation lapse rate in height (PLAPS:
precipitation lapse rate in SWAT) is defined by subcatchment to account with the described rates of precipitation in the catchment. It is widely documented that the precipitation gradient per year decreases from 1000 mm km -1 to almost half above 2000 m a.s.l. in the study region (Rijckborst 1967; García-Ruiz et al. 2001) . The PLAPS for the subcatchments range from 550 to 1000 mm km -1 .
This work is based on a previous calibration of the SWAT model for the Barasona catchment (Palazón and Navas, 2014) which performed Nash-Sutcliffe efficiency coefficients (Nash and Sutcliffe, 1970) greater than 0.7 and solved important challenges of the catchment for model simulation when applied to the catchment headwater (Palazón and Navas, 2013) . The snowfall-snowmelt processes, the dammed characteristics of a river and the headwater streamflow losses by a karstic system were the most important calibrated issues, more details in . The sediment supplies to the reservoir compared well with other studies in the region (e.g.: Alatorre et al. 2010; López-Tarazón et al. 2012 ). This comprehensive calibration for hydrology and sediment supplies to the Barasona reservoir of the SWAT model served as a base to assess the differences in sediment production from the land uses of the catchment under different climatic conditions. Therefore, data from two years from the simulation in the previous study (Palazón and Navas 2014) are selected and used for this study as they have a large contrast in precipitation (2003 and 2005, Fig. 2) . In addition to differences in precipitation, the average annual precipitation of 1063 mm for the reference period 1961 -1990 for the Sesué weather station (Fig.1a) has defined the years 2003 and 2005, as wet and dry years, respectively. The simulated sediment production from the 5399 HRUs is averaged by land use/land cover (Table 1) to provide the specific sediment yield from the land uses (SSY LU , t ha -1 year -1 ). Those are assessed and compared between climatic conditions of contrasted precipitation amounts and temperature rates of increase. The SSY LU for the difference in precipitations is assessed annually and seasonally to compare yields between years and to assess the differences in the seasons. Furthermore, the SSY LU for both compared climatic conditions is assessed for the land uses present in the northern alpine and southern Mediterranean parts of the catchment (Fig.1b) . Therefore, to compare the sediment production under different precipitations, the SSY LU is compared annually and seasonally for the whole and the parts of the catchment. To assess how an increase of temperature could affect the sediment production, a scenario with a uniform increase of temperature of 2ºC (2ºS) 
Results
The sediment production from the different land uses
Large differences were observed in the SSY LU for the study years 2003 and 2005 (Table 2) .
Apart from badlands, the sediment productions from the groups of land uses were ordered as follows: agricultural uses (wheat, barley and vegetable orchard in Apart from the spring precipitations, the seasonal distribution of the precipitations for the study years differed markedly but this was not the case for the seasonal distribution of the temperatures (Table 3) . Seasonally, the sediment production pattern was similar to the annual pattern. For both years and all land uses, the SSY LU was higher in spring and autumn than in summer and winter (Fig. 3) . 
Sediment productions in the northern and southern parts of the catchment
The characteristics of the model outputs make it possible to divide the catchment into two parts to assess PC in sediment productions from the land uses and climate (temperature and precipitation) existing between the northern and southern parts of the catchment (Tables 4 and   5 ). The annual and seasonal distributions of the precipitation for the two parts of the catchment were clearly different and the temperature was in average 3°C lower in the northern part than in the southern part of the catchment (Table 4 ). The annual patterns of the SSY LU for the northern part and the southern part were similar to that of the whole catchment with higher sediment yields in the northern part than in the southern part for both years (Table   5 ). Apart from the barley crops and most forests (evergreen, mixed and pine), PC between years was higher in the northern part than in the southern part. In contrast, badlands performed very similarly on PC between years. The seasonal SSY LU showed similar patterns to those for the whole catchment but with differences in the amount of SSY LU (Fig. 4) . For both parts of the catchment the highest SSY LU differences between years occurred in winter with the greatest PC found in the southern part (Fig. 4) . In the northern part most land uses performed the lowest PC in autumn whereas for the cereal crops, mixed forest and pine that were in spring. Apart from the range grasses and orchards, the lowest PC in the southern part was in spring with slight increases in 
Scenario with an increase of 2°C temperature
Comparing the simulated data of the scenario OS with the observed data with that of an increase of 2°C temperature, the 2ºS had a general decrease in sediment production and variations in the water balance of the catchment (Fig 5 and 6) . In relation to the OS scenario the simulated 2ºS resulted in changes in the water balance of the catchment with evapotranspiration, water total yield and runoff increases together with decreases in the soil water content and the groundwater yields (Fig. 5) . High significant relationships between the components of the SWAT water balance and the specific sediment yield for the catchment are found in Fig. 5 ; in spite of that, water yield, surface runoff and groundwater show slightly higher deviations in year 2003. Consequently, the specific sediment yield relationship between scenarios varied the most in 2003. Considering the monthly distribution of the components of the water balance, with an increase in temperature there were slight increases of the water amount for the first and ending months of the years and large decreases from April to July (Fig. 6) . Concerning the evapotranspiration only slight differences between scenarios for both years were recorded. In contrast, lower snow accumulation occurred from September to May for the 2ºS. In relation to the average leaf area index, for the 2ºS it was greater and advanced until June and lower for the second part of both years. The sediment production shared its highest differences in May and October with decreases which were more pronounced in the wet year. Contrasted SSY LU was observed between the OS and 2ºS scenarios for the assessed years (Fig. 7) . The sediment production for the 2ºS experienced a general decrease for the wet year but it did not for the dry one. For the dry 2005 the PC showed larger deviations than in 2003 with SSY LU increasing for most land uses, exceeding 10% in some cases. The garrigues had the greatest increase in the dry year but decreased in the wet year whereas the open scrubland showed important SSY LU increases up to 80% for both years. Wheat also performed an which turned to an increase (up to 11%) in 2005. Important SSY LU decreases for the deciduous forest and the dense scrubland were also observed, which for the latter was greater opposite in the dry year. In contrast the SSY LU from deciduous forest decreased greatly for both years variation in its sediment production pattern with a slight SSY LU decrease in 2003 whereas decreases from the dense scrubland had lower PC for the wet year than for the dry year. (2ºS) for the catchment and the northern and southern parts of the catchment. Different SSY LU was observed when increasing temperature by 2ºC between the northern and southern parts of the catchment (Fig. 7) . In general the differences between scenarios were greater; PC decreased for the northern part more than for the southern part, which also changed their pattern to increases in SSY LU . In the wet year 2003 most SSY LU had a decreased pattern in the northern part, but this turned to increases in SSY LU in the southern part. The greatest change was for the open scrubland, which yielded intermediate PC decreases in the northern part but significant PC increases in the southern part. The pastures and the deciduous forest changed from large PC decreases to slight increases (<5%). In contrast, the barley turned from a PC increase of up to 18% in the northern part to lower PC decreases in the southern part. The rest of the land uses did not change the SSY LU pattern between the catchment parts. Therefore, the garrigues and dense scrubland recorded greater PC decreases in the northern part than in the southern part. In contrast, the evergreen forest showed a greater SSY LU increment in the southern part than in the northern. The wheat was the only land use that yielded similar SSY LU decreases in both parts of the catchment.
In the dry year 2005 less land uses changed their sediment production pattern between the catchment parts. Amongst those, the greatest differences in SSY LU were produced by the garrigues followed by the open scrubland that showed large decreases in SSY LU in the northern part but turned to significant SSY LU increases in the southern part. Excluding the pine, the forests also changed from important SSY LU decreases in the northern part to increases from low to intermediate values in the southern part. In contrast, the dense scrubland had important SSY LU decreases in both catchment parts. The rest of the land uses also showed SSY LU decreases in both parts but with PC greater in the northern part than in the southern. The pastures and the range grasses had large PC decreases followed by the pine in the northern part but these had the lowest PC decreases in the southern part. SSY LU in the summers of both years might be more related to the greatest development of the vegetation cover in this season which would limit the water content in the soil due to higher evapotranspiration. In turn, this lower water content in the soil during summer might have also an effect on runoff restriction by favouring infiltration.
The greater SSY LU in the northern part of the catchment is because the annual precipitation in the northern part almost doubled that in the southern part for both years; in spite of that, higher slope gradients in the northern part likely had an effect on the SSY LU , as their values almost doubled for the successive 5 slope range groups. The different seasonal sediment productions are also related to the seasonal distribution of the precipitations and the slope range. As for the catchment, the highest PC and lowest PS/PP between years for both parts of the catchment occurred in winter, due to the greatest differences in precipitation between years. Whereas, for both parts of the catchment the precipitations for summer and autumn in 2003 were around one and a half times greater than in 2005. Lower PC for the southern part points to the importance of the lower slope gradients and also that lower precipitations limited the sediment production in the southern part. As no vegetation cover protects the badlands, their sediment productions were only related with the precipitations and the availability of material to be eroded. Badlands had very similar PC between years and catchment parts because they are concentrated in the intermediate part of the catchment and therefore they are not affected by the precipitation gradients as are the other land uses.
In relation to the OS scenario the simulated 2ºS resulted in changes in the monthly distribution of the components of the water balance likely associated with changes in the distribution of snowfall-snowmelt processes and the different vegetation developments related with the increase of temperature in the catchment. Whereas variations for the first and ending months of the year could be only associated with decreases in the snow accumulation, the latter large decreases from April to July could be the result of the combined effect of the lower water apportions by the snowmelt and the greater consumption of water by the more developed vegetation decreasing the water stored in the soil profile and its related surface runoff. Concerning the evapotranspiration and its high dependency on the temperature only slight differences between scenarios for both years that were lower than expected were recorded. However, greater differences between scenarios could have been masked in the averaged catchment value. All these simulated changes for 2ºS had an effect on the sediment production that shared a general trend to decrease for both study years, which was more pronounced in the wet year.
Comparatively, differences in SSY LU between the OS and 2ºS scenarios were greater for the southern part and the whole catchment in 2005 and mostly related to its drier characteristics.
In spite of the surface runoff increased in autumn the SSY LU decreased for 2ºS indicating that changes in vegetation growth resulted in a greater protection of the soil against erosion (e.g.
Pimentel 2006
). The greater and advanced average leaf area index for the 2ºS could limit the sediment production in the first part of the year. Furthermore, as the total biomass was greater for 2ºS it could increase the protection of the soil surface and also counteract the decrease of the leaf area index for the second part of the year. The differences in sediment productions were related to each specific plant phenological development which was the function of the cover factor included in the MUSLE that is based in the total biomass and the leaf area index developed. Therefore, different adaptation strategies by the vegetation types were performed for the increment of temperature (Nunes et al. 2008) . In most cases with the increase of temperature, the increase in vegetation growth was relatively more significant than the increase in surface runoff, leading to a decrease in erosion. Conversely, some land uses developed insufficient or reduced vegetation cover, resulting in increased erosion. These results point to that most land uses have a good tolerance to temperature increases of 2ºC, and a detrimental effect from this temperature in other land uses. Amongst those, the SSY LU decreases from the dense scrubland and the deciduous forest were due to greater development of their vegetation covers for 2ºS and conversely appeared for the open scrubland which had SSY LU increases. On the contrary, the important SSY LU increases only in the dry year for the garrigues and the wheat were related to a detrimental effect on their vegetation covers by the temperature increase and the water limitation. While the different vegetation adaptations with the increase of temperature affect the SSY LU , differences in slope, temperature and precipitation between catchment parts also influenced the SSY LU . In addition to differences in precipitation, the lower temperature in the northern part than in the southern part appeared to also benefit the development of the vegetation covers in relation to the increase of temperature because for the northern part the PD decreases were greater.
Differences in SSY LU observed in the contrasted northern and southern parts enabled us to obtain more specific information about the SSY LU and the vegetation response to the temperature increase. Therefore, the opposite pattern in sediment production observed for the open scrubland between catchment parts for both years could be related to the difference in temperatures. Lower temperatures in the northern part smoothed the increase of the temperature favouring the open scrubland development but did not in the southern part.
Similar to that but only for the dry year it was recorded for the garrigues suggesting that low precipitations were unfavourable for their development. Differences in the PD decreases between catchment parts related to different increases in the vegetation cover for the dense scrubland and the deciduous forest for the 2ºS could be due to differences in precipitation.
Therefore, the dense scrubland appears to benefit more from drier conditions but whereas, the deciduous forest with wetter conditions recorded the greatest PD decreases. There were similar occurrences with the cereal crops as they recorded greater PD decreases in the dry year. As expected erosion increased with precipitation increases and decreased for higher soil surface protection by vegetation which was in agreement with results of other climatic studies (e.g. Nearing et al. 2005 Comparable results to sediment production from their Mediterranean shrubs were obtained for the equivalent dense scrubland in our study which also increased their vegetation cover facing erosion on warmer conditions. Decreases in vegetation growth for the wheat and the pine were less noticeable in our study leading to minor decreases and increases in SSY LU for the 2ºS at catchment scale.
Conclusions
The present study reveals the potential of the SWAT model for assessing the specific sediment yield under different land uses in a large alpine-prealpine catchment for two distinctive precipitation years and allows the identification of changes in the production of sediments for a simulated temperature increase scenario. Furthermore, the division of the catchment into two parts permitted an investigation of the specific sediment yield from land uses in the well differentiated climatic parts of the catchment the northern alpine part and the Mediterranean southern part.
Great variability of sediment production was observed and, in general, it was related with the characteristics of the assessed land uses and covers. The temporal variability was closely related to precipitation. The assessment verified that the highest sediment source came from the badlands, followed by the agricultural uses. Differences in specific sediment yield identified in the northern and southern parts of the catchment were related with the predominant climatic characteristics in each part, and also with their slope ranges. A general decrease in sediment production and changes in the water balance of the catchment were simulated for a 2°C temperature increase scenario. Changes in the snowfall and snowmelt processes for this increase of temperature affected the water balance of the catchment and the sediment production. The increase in the leaf area index and biomass production with the temperature increase was also significant in determining the response to soil erosion, particularly when considering different vegetation types. The sediment yields from the dense scrubland and the deciduous forest profited from the temperature increase in contrast with the open scrubland and the garrigues. From the general SSY LU decrease, warmer conditions benefit more in the alpine northern part with greater sediment yield decreases than the Mediterranean southern part.
The SWAT model has proved useful as an initial approach to sediment yield assessment at a regional level and also for selecting priority areas where further analyses should be undertaken. The information obtained from this research will be of interest to assess the sediment produced under different land uses for differentiated climatic scenarios and areas in large alpine and pre-alpine catchments.
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